Introduction
In the past two decades, inorganic nanowires have been a class of new material with intense research interest because of the potential applications in nanoelectronics, nanophotonics, photovoltaics, electrochemical energy conversion, and catalytic water splitting. [ 1, 2 ] The application to biological and biomedical research remains relatively limited. The majority of the studies were biomolecular detection using nanowire-based fi eld effect or electrochemical sensors. [ 3, 4 ] The use of nanowires in the functional interrogation of living cells emerged very recently. In 2007, Kim et al. reported the fi rst demonstration of cell-penetrating nanowire arrays for physical delivery of genes into living mammalian stem cells. [ 5 ] Since then, a range of nanowires either synthetically or lithographically fabricated, and their variants including nanoneedles, nanopillars and nanostraws, were explored for intracellular delivery, electrical or optical stimulation and probing ( Figure 1 , red). All these works took advantage of the phenomenon that nanometer-sized wires permit full penetration into living cells but cause minimal disruption of cell membrane integrity and thereby negligible cytotoxic effect. In 2009, Wang et al. found that a non-penetrating high-density nanowire array functionalized with antibodies against cell surface antigen allowed for high effi ciency capture of target cells, e.g., rare circulating tumor cells, presumably due to the enhanced interaction between nanotopographic structures and the micro/nanoscale structures on cell surfaces such as microvilli. [ 6 ] Lee et al. reported the bulk-scale separation of primary CD4+ T lymphocytes from a mixture of splenocytes. [ 7 ] These two studies evoked a new direction of research that utilizes the interfacing of live cell surfaces with non-penetrating nanowire arrays to conduct effi cient capture, separation, and subsequent molecular and biomechanical characterization of rare cells including a range of pathophysiologically important cell types that were diffi cult to study due to their paucity (Figure 1 blue) . It has been known for over fi fteen years that nanometer-scale physical or chemical cues dictate cell adhesion and fate, and that nanostructured surfaces can be used for basic cell behavior analysis, as has been covered by other review articles. [8] [9] [10] [11] [12] [13] The utilization of nanowires or nanotopography for rapid analysis of cells and cellular functions, potentially for disease diagnosis and monitoring, represents a new and differentiated direction, which is the main topic of this paper. In addition, we would like to provide a retrospective view of the history of this fi eld and our opinion on the future outlook.
Cell Penetrating Nanowires and Nanostraws for Gene and Biomolecular Delivery
It was not so intuitive to believe nanometer-sized wires could penetrate living mammalian cells without "killing" or damaging them until the report by Kim and colleagues in 2007 that demonstrated, for the fi rst time, the placement of mammalian cells on a bed of diluted vertical silicon nanowires, which resulted in minimally "invasive" penetration and successful delivery of gene constructs from the nanowire surface directly to the nucleus ( Figure 2 A) . [ 5 ] Mouse embryonic stem (mES) cell-derived cardiomyocytes interfaced with an array of silicon nanowires showed the differentiation timeline comparable to the same cells grown on a gelatin coated tissue culture fl ask. Nanowires functionalized with a polymer sheath and then loaded with the bare plasmid DNA encoding green fl uorescence protein (GFP) can penetrate and successfully transfect HEK 293T cells without the use of any viral delivery vesicles. In 2010, Shalek et al. further developed this technology and reported the effi cient and universal delivery of a range of biomolecules into immortalized and primary mammalian cells including neurons and immune cells using surface-modifi ed vertical silicon nanowires (SiNWs) (Figure 2 B left two panels). [ 14 ] This generalized platform was used to guide neuronal progenitor growth with small molecules, knock down the transcript levels by delivering small interfering RNA (siRNA), inhibit apoptosis by delivering anti-apoptotic peptides, and introduce targeted proteins to specifi c organelles (Figure 2 D) . Using a microarray printer to dispense siRNA in specifi c microscale regions further enabled spatially controlled delivery into select cells.
small 2015, 11, No. 42, 5600-5610 Figure 1 . Summary -interfacing inorganic nanowire arrays and living cells for a wide range of biological and biomedical applications. In general, this can be classifi ed into two major categories: 1) cellpenetrating nanowire arrays (red) for biomolecular delivery, intracellular stimulation and probing, 2) non-penetrating nanowire arrays (blue) for high effi ciency capture, separation and molecular phenotyping of rare cells, and biomechanical characterization.
Thus vertical nanowire arrays provide a powerful delivery modality for administering biomolecular perturbants directly into the cytoplasm or even the nucleus. The negligible toxicity of nanowire penetration is advantageous for the transfection of immune cells for a systems level understanding of immune response and the systematic identifi cation of key genes and pathways in leukemogenesis. [ 17 ] It is also advantageous for the systematic discovery of signaling components, which are involved in Toll-like receptor (TLR) activation in dendritic cells (DCs) and investigating the role of intracellular signaling pathway in chronic lymphocytic leukemia (CLL). [ 15, 16 ] Nanowire arrays opened an entirely new avenue for intracellular functional analysis and interrogation due to the ability for direct cell membrane penetration [ 5, [18] [19] [20] [21] and effective biomolecular delivery into the cell interior, [ 14, [22] [23] [24] but these methods are restricted to molecules that can be conjugated or otherwise immobilized on the nanowire surface, and offer little precise temporal or concentration control. A variant of cell-penetrating nanowires, nanostraws, were developed to improve the delivery effi ciency and the control of delivery kinetics (Figure 2 C) Reproduced with permission. [ 5 ] Copyright 2007, American Chemical Society. B) A range of adherent and non-adherent cells can be interfaced with and penetrated by nanowire arrays. Reproduced with permission. [ 14, 34 ] Copyright 2010, National Academy of Sciences, USA. C) Variants of cell penetrating nanowires including nanostraws and a nanoprobe integrated on a scanning optical tip. Reproduced with permission. [ 25, 33 ] Copyright 2011, American Chemical Society (left), Copyright 2012, Macmillan Publishers Limited (right). D) A range of biomolecules including DNA, siRNA, protein, and peptide can be delivered via the generic nanowire array delivery platform. Reproduced with permission. [ 14 ] Copyright 2010, National Academy of Sciences, USA. E) Functional study of intracellular signals. Left: Cell-penetrating nanoneedle arrays for electrical stimulation and recording of intracellular action potential. Reproduced with permission. [ 40 ] Copyright 2012, Macmillan Publishers Limited. Middle: Cell-penetrating nanopillars act as subwavelength waveguides and enable highly localized excitation and fl uorescence imaging of single molecule events inside living cells. Reproduced with permission. [ 32 ] Copyright 2011, National Academy of Sciences, USA. Right: Nanostraws integrated in a microfl uidic system permit direct fl uid access and molecular delivery into cytosol in a continuous or repeated manner. Reproduced with permission. [ 46 ] Copyright 2014, Macmillan Publishers Limited.
www.small-journal.com conduit inside all the way through both the nanostraw and the handling substrate, giving the cells cultured on top a direct and continuous fl uid access to the outside environment. [ 25 ] His group then demonstrated long-term, sequential delivery of different biomolecular species and continuous monitoring of cell signaling response without the need for repeated rupture of the cell membrane. Further integration of nanostraws and a microfl uidic system permits more precise control and measurement of signaling dynamics in individual cells. This integrated nanostraw array microfl uidic system was also utilized for electroporation with enhanced delivery effi ciency, transfection uniformity, and cell viability. [ 26 ] Transfection by electroporation relies on applied electrical fi elds to create transient holes in the cell membrane and drive biomolecules into the cytosol. [27] [28] [29] [30] [31] Due to the tight interface between the cell membrane and each nanostraw, the electric fi eld is localized and induces only transient and focused membrane permeability, which increases transfection effi ciency and reduces cell damage. This platform allows for spatial and temporal control of electroporation of individual cells instead of the entire cell population.
Functional Nanowires Penetrating Cells for Optical or Electrical Stimulation and Recording
In addition to passive penetration of cells with inert nanowires, optically or electrically active materials can be used to fabricate nanowire arrays and perform functional interrogation of biomolecular signals inside cells (Figure 2 E). Xie et al. fabricated transparent vertical silicon dioxide nanopillar arrays that act as sub-wavelength waveguides to channel light into or out of the cell to perform stimulation and probing of localized intracellular fl uorescence signals. [ 32 ] When illuminating the nanopillars with an external light source, they restrict the propagation of light and generate an evanescent wave in the cell interior tens of nanometers within the vicinity of the nanopillars, enabling highly localized single-molecule detection at high fl uorophore concentrations. Upon functionalization with antibodies or ligands, the nanopillars can locally recruit proteins of interest, excite as nanopillar waveguides, and probe the protein dynamics in living cells with high specifi city. Yan et al. combined the advantages of nanowire waveguides and a fi ber-optic fl uorescence imaging technique to develop a tin oxide nanowire-based single-cell endoscopy system for optical probing inside living cells and the spatiotemporal delivery of payloads into intracellular sites with minimal perturbation of normal cellular functions. [ 33 ] Semiconducting or metallic nanowires penetrating into cells allow for intracellular electrical stimulation and recoding of action potential in living cells with submicrometer resolution. Xie et al. used platinum nanopillar electrodes to record intracellular action potentials from cardiomyocytes (cell line HL-1). [ 34 ] Interestingly, they found that cell membrane lipid layers could wrap around the short nanopillars and reduce electrical conductivity, they further designed a hollow nanotube geometry that gave rise to enhanced cell-nanopillar electrical coupling and resulted in substantially increased electrical signals compared to solid nanopillars. [ 35 ] The cell membrane not only curves inward to wrap around nano-objects but also protrudes outward into the holes as small as 1nm in diameter. [ 36, 37 ] Such strong interactions between the plasma membrane and the nanotube electrodes leads to an increase in the recorded signal amplitude and one-to-two orders of magnitude increase of the intracellular access duration for nanotube electrodes compared to nanopillar electrodes. In addition, electrically assisted nanowire/cell interfacing makes nanowire arrays a promising tool to decipher neuronal codes within a neural network. [ 38, 39 ] Silicon nanofabrication techniques enable the scalability of such a platform to provide simultaneous, highfi delity interfacing with a large array (hundreds) of interconnected neurons. Robinson et al. fabricated vertical nanowire electrode arrays for intracellular interfacing to neuronal circuits. [ 40 ] Silicon nanowires were functionalized by sputter deposition of metal on the tips to realize excellent electrical conduction for neural stimulation and recording. The ability to perform multiplex stimulation and nanometer-resolution recording and the compatibility with conventional patchclamp and fl uorescence microscopy techniques enabled their nanowire electrode array to measure functional connectivity in neuronal circuits. [ 41 ] Surface patterned horizontal electrode arrays were also used to record neuronal activities, but several challenges exist with that approach, including the diffi culty for the electrodes to consistently locate the same neuron and measure its activity over a long period partially due to the mobility of neurons on the substrate and the lack of physical neuron-to-electrode registry. [ 42 ] Xie et al. used nanopillar arrays to pin individual neurons, prevent the migration, and enable extracellular measurement of neural activity over a prolonged period of time using patterned multielectrode arrays. [ 43 ] 
Mechanistic Insights: How do Inorganic Nanowires Penetrate Living Cells?
Despite the success of biomolecular delivery and intracellular probing using vertically aligned nanowires, the exact structure of the nanowire-cell membrane interface is yet to be fully elucidated. There has been a debate on whether nanowires can truly penetrate through the cell membrane to gain full access to the cell interior or just deform the cell membrane. Hanson et al. examined neurons grown on nanopillars with 50 to 500 nm diameters and 5 to 2 µm heights. [ 44 ] A cross-sectional view of the cell/nanopillar interface with transmission electron microscopy (TEM) showed that the cell membrane wrapped around the entirety of the nanopillar, in most cases, without full penetration into the interior of the cell, when the nanopillars were less than 300 nm in diameter. It was possible that the cell-nanopillar interaction was time-dependent, there was a transient full penetration shortly after seeding cells on the nanowire arrays, but it was later re-sealed with the lipid bilayer drift driven by surface tension. Aalipour et al. further account for the interaction of plasma membrane and actin cytoskeleton as a synergistic barrier to nanowire cell penetration. [ 45 ] Nanostraws were studied in this case and several modes of interface interaction were observed: a) non-penetrant but in contact with an intact lipid bilayer, b) passing through the cell membrane but not into the cytoskeleton, and c) passing through the cell membrane and into the cytoskeleton. Their study confi rmed that only ≈7% of the nanostraws successfully penetrated cells to provide cytosolic access, which was measured on a nanostraw-microfl uidic platform through the delivery of Co 2+ . [ 46 ] They presented a mechanical continuum model of elastic cell membrane penetration through two mechanisms, namely through "impaling" as cells land onto a bed of nanowires, and through "adhesion-mediated" penetration, which occurs as cells spread on the substrate and generate adhesion force. [ 47 ] In the "impaling mechanism", the penetration is driven by cellular gravitational force during the initial cell plating. Impaling penetration is ineffi cient without the assistance of externally applied force. In the "adhesion mechanism", cells adhere to the substrate and the adhesion force induces penetration. [ 48 ] Cell-substrate adhesion can generate stronger forces, making penetration more likely, yet this is highly dependent on the geometry of nanowire arrays and cell rigidity. The surface charge density of nanowires plays an important role in cell-substrate interaction. It could completely change the impaling mechanism and/or the adhesion mechanism. The surface charge property of a cell varies substantially with the cell type and state. Matching the electric charge characteristics of the nanowires with the cell surface property can enhance the interaction between cell membrane and nanowire arrays. [ 49 ] Further studies, using new tools with nanometer resolution (e.g., super-resolution imaging), are highly desired to better understand the mechanism of nanowire penetration into living cells.
Dense Nanowire Arrays for Rare Cell Capture, Separation, and Analysis
Dense nanowire arrays can be fabricated, not only by chemical processes, but also by precisely controlled nanolithographic patterning. [ 50 ] Placing living cells on such nanowire arrays often does not cause penetration through cell membrane ( Figure 3 A) www.small-journal.com the fate decision of a cell in the long term such as proliferation, differentiation, and cell death. [ 51, 52 ] However, the early stage interaction between nanowire array and cell surface has not been found to be particularly useful, until it was recently shown to give rise to enhanced effi ciency for surface-bound immunocapture of specifi c cell types as compared to conventional panning methods, opening new opportunities to isolate and characterize rare cell populations.
Effi cient separation of specifi c cell populations is a critical process in numerous clinical and biological applications, as quantity and functions of specifi c cell types have become important "biomarkers" for disease progression or therapeutic outcome. [ 53 ] The existing methods for cell separation include size-based fi ltration, nanomagnetic bead enrichment, and fl uorescence activated cell sorting [ 54 ] and a number of microfl uidic-based sorting platforms, [55] [56] [57] but none of these methods are effective for separating very rare cell populations (below 1 per 1000) from highly heterogeneous samples. Surface-bound immuno-capture is dependent on the antibody loading density and the effective surface contact area between the substrate and the cells. It was not intuitive to propose using nanostructured surfaces for immune-capture because the size of mammalian cells is several to tens of micrometers rather than nanometers. Interestingly, the surface of many types of cells is not smooth but composed of nanometer-sized features such as microvilli. The nanostructured surface, which shares nanoscale feature dimensions comparable to microvilli, may induce enhanced local topographic interactions and thereby promote the antibody-surface antigen binding, enhance adhesion, reduce motility, and increase cell capture effi ciency. [ 48 ] Based upon this hypothesis, Wang et al. reported on the use of a nanostructured substrate functionalized with antibody agaist Epithelial Cell Adhesion Molecule (anti-EpCAM) to capture circulating tumor cells with signifi cantly improved capture effi ciency and specifi city (Figure 3 A) . [ 6 ] Kim et al. used a streptavidin-functionalized silicon nanowire array to separate at the bulk scale the CD4+ helper T lymphocytes labeled with biotinylated anti-mouse CD4 antibody (Figure 3 A) . [ 7 ] 
Circulating Tumor Cells
It is the metastatic, not the primary, tumors that cause incurable disease and account for more than 90% of cancer-related mortality. [ 58 ] Cancer cells that are shed from primary tumors and travel to distant parts of the body via bloodstreams are known as circulating tumor cells (CTCs), which are thought to mediate the hematological spread of cancer and contribute to metastatic progression. [ 59 ] CTCs are becoming a potential alternative to invasive biopsies to detect and manage metastatic epithelial (non-hematological) cancers [ 60 ] but the major challenge arises due to the extreme scarcity of CTCs in whole blood. [ 61, 62 ] Despite signifi cant efforts to develop reliable technologies for detection and enumeration of CTCs, it remains diffi cult to effi ciently isolate and analyze CTCs that are present at very low abundance (a few to hundred cells per mL) among a large number (10 9 mL −1 ) of hematologic cells. [ 63 ] The CellSearch System is the fi rst and currently only test approved by the U.S. Food and Drug Administration (FDA) for the detection and enumeration of circulating epithelial cells, but the effi ciency and accuracy are far less than ideal. [ 61, 64 ] While recent studies have employed many different CTC enrichment mechanisms based on immunomagnetic separation, [ 65 ] microfl uidic devices, [ 55 ] and size-based fi ltration, [ 66 ] these methods are still limited in clinical applications due to low capture effi ciency and purity as well as diffi culties in conducting downstream molecular analysis.
The nanowire array CTC capture method reported by Wang et al. was one of the seminal studies. [ 6 ] It demonstrated that the capture effi ciency (45-65%) was almost 10 times higher than that with a fl at silicon substrate (4-14%) in the stationary immuno-capture mode. It was further integrated in a microfl uidic chaotic mixing system to increase the capture yield to >90% through the synergistic effect of enhanced cell-substrate interaction strength and contact frequency (Figure 3 B left) . [ 67 ] The integrated platform was applied to capture and quantify CTCs from the blood samples of patients with prostate cancer, and the results were compared to the CellSearch assay (FDA-approved). In general, it was found that the nanowire array method captured a greater number of CTCs compared to CellSearch. In the meantime, the separationless method was explored for CTC counting by using a large-area imaging instrument to scan all cells from a blood sample. Kuhn et al. reported a CTC detection method that simply employs immunofl uorescence staining and imaging with a high-content digital microscopy. [ 68, 69 ] Although this is a good move toward a practical application of CTC counting in the clinic, the complexity of blood composition and the extreme rarity of CTCs make it a lengthy and costly approach. In addition, all cells detected by this method were already fi xed and stained precluding further in-depth molecular characterization such as whole exome sequencing (Figure 3 B right) and functional characterization such as the test for drug response. [ 70 ] Our group utilized a laser scanning cytometry (LSC) technique [ 71, 72 ] and the nanowire substrate for rare tumor cell capture and quantitation. [ 73 ] The uniqueness of this study is achieved by the integration of the nanowire substrate to enrich tumor cells and LSC for rapid, automated, high-content characterization of immobilized tumor cells. It can also perform rapid quantifi cation of morphometric parameters such as cell size and aspect ratio (Figure 3 B middle) . Nanowire substrates with micro-patterns were shown to capture tumor cells only in the regions containing nanowires, clearly manifesting the substantial enhancement of rare cell capture effi ciency via the nanostructured surface as opposed to a fl at substrate. [ 74 ] Further efforts have been made toward the development of multifunctional platforms and performance improvement. Park et al. employed rapid thermal chemical vapor deposition to achieve high-density and uniform deposition of gold nanoclusters (AuNCs) on nanowire surface. [ 75 ] The AuNC-coated silicon nanowires exhibited a superb capture yield for breast cancer cells (≈88%) and the plasmonic excitation of AuNCs can be exploited to kill captured cancer cells using the photothermal effect. Electrospun nanofi ber-deposited substrates grafted with capture agents were also employed for effi cient CTC capture. Zhang et al. showed that horizontally aligned, densely packed nanofi bers can enhance substratecell topographic interactions, resulting in increased yield for capturing CTCs from patient blood. [ 76 ] 
Traffi cking Leukocytes and Immune Cell Subsets
Detection and enumeration of specifi c phenotypes of immune cells can provide valuable information for the diagnosis and monitoring of a variety of human diseases. For example, the absolute count of CD4+ T lymphocytes and the ratio of CD4+/CD8+ T cells is used as indicator for the onset of AIDS. [ 77 ] While fl ow cytometry is the gold standard for leukocyte immunophenotyping, it has several shortcomings: 1) it requires a relatively large sample input (≈1 × 10 6 cells) making fl ow cytometry inadequate for analyzing rare cell populations and 2) the degree of multiplexing is often limited by spectral overlap. [ 78 ] There is still an urgent need for new tools to analyze rare or small subsets of immune cells from low quantities of clinical specimens. One of the pioneer works demonstrating nanowire arrays for separation of rare cells was the study by Kim et al. that reported on specifi c and effi cient separation of CD4+ T lymphocytes from a highly heterogeneous mixture of immune cells harvested from the spleen (spleenocytes). [ 7 ] Another study achieved excellent capture effi ciency for CD4+ T cells using nanohole arrays. [ 79 ] To perform downstream analysis of leukocytes for cell-based disease study, both isolation and release with high effi ciency and specifi city should be realized. Chen et al. developed a new nanostructured platform for T lymphocyte capture and release mediated by DNA-aptamers on silicon nanowire arrays. [ 80 ] DNA-aptamers can be designed by incorporating a sequence that can quickly be cleaved by exonuclease to specifi cally release the target cells and this mild release process causes little damage to vulnerable primary cells. [ 81 ] The simultaneous detection and analysis of multiple phenotypic subsets of immune cells is essential to understanding complex immune responses. However, this is challenging for the analysis of extremely low abundance cells such as traffi cking leukocytes in cerebrospinal fl uid (CSF). Traffi cking leukocytes in CSF can provide critical information for clinical diagnosis of the infl ammatory conditions in deep brain without surgically removing and examining brain tissues. Kwak et al. developed a novel immune cell separation platform which enables multiplexed and quantitative analysis of ultra-rare leukocyte samples. [ 82 ] In the study, six distinct silicon nanowire surfaces were created, each of which was functionalized with a different capture agent directed against specifi c leukocyte phenotypic markers such as CD4, CD8, CD45, and CD11 (Figure 3 C left) . Successfully employed for capture and analyses of traffi cking leukocytes in CSF from the patients with Alzheimer's disease, the platform demonstrated the detection of changes in total leukocyte count and distribution of multiple major T cell subsets associated with neurodegenerative pathology, paving a new route toward non-invasive measurement or diagnosis of neurodegenerative pathology.
Nanowire Arrays for Tuning and Characterizing Cell Adhesion, Spreading, and Mechanics
Mechanical properties, especially substrate rigidity, can have dramatic effects on cellular functions such as adhesion, proliferation, and differentiation. [ 83, 84 ] Interestingly, the dense silicone rubber micropillar arrays with the identical surface contact area but different micropost height serves as a new type of "material" with tunable nominal substrate rigidity. [ 85 ] Fu et al. showed that the normal rigidity infl uences cell spreading, focal adhesion, and cytoskeletal contractility. [ 86 ] Moreover, varying micropost rigidity could impact stem cell differentiation, the "rigid" micropost arrays favored osteogenic lineage while "soft" assays promoted adipogenic differentiation. More recently, this was applied to the study of motor neuron differentiation in order to accelerate neural induction and caudalization from human pluripotent stem cells (hPSCs). [ 87 ] Further reduction of the size of the posts led to the idea that nanowire arrays can function in a similar manner to modulate cell adhesion, spreading, and response but with nanometer-scale precision. For example, fi broblasts cultured on SiNW arrays showed altered adhesion, spreading, and substantial elevation of fi broblast activation protein (FAP) expression (Figure 3 C right). [ 88 ] During nanoscale topographic interactions between cells and nanopatterned substrates, cellular traction force (CTF) plays a crucial role in directing cell adhesion and function. Therefore, technologies for measurement and regulation of CTF on nanostructured substrates are critical in understanding cell-nanosubstrate interactions. Li et al. fi rst demonstrated the quantifi cation of subcellular CTFs by seeding adherent cells on a bed of vertical silicon nanowires and analyzing the observed nanowire defl ection compared to the force-displacement curve calculated from fi nite element simulation. [ 89 ] Kim et al. further extended this approach to quantify the lateral force distribution at the interface of nonadherent CD4+ T cells captured on a quartz nanopillar array via measuring the defl ection of the nanopillars using focused ion beam milling and imaging. The results showed a strong correlation between the lateral extension of microvilli on the surface of the substrate and the magnitude of traction force (Figure 3 D left, middle) . [ 90 ] Nanowires or nanorods can be made of different materials such as bulk metallic glass (BMG) and employed as the substrate to investigate mechanosensing and the response of various cell types to nanotopographic features. [ 91 ] The cross-sectional scanning electron microscopy images of fi broblasts in contact with nanopatterned BMG displayed obvious nanorod defl ections at the interface. Quantitative analysis of cellular traction forces that cells exert on the substrates could be calculated from these nanorod defl ections using a simple force-displacement relationship and a previously described modeling algorithm (Figure 3 D right) . [ 85, 92 ] These studies demonstrate that microand nanoengineering of soft materials can serve as unique platforms to direct or modulate cellular functions for a range of biomedical applications.
Mechanistic Insights: How Do Cell Surface Microstructures Interact with Inorganic Nanowire Arrays?
While a variety of nanostructured surface platforms demonstrated high effi ciency immunocapture and separation of rare cells, the mechanism underlying such performance improvement remained elusive. Several mechanistic studies were reported very recently and the results revealed several threads of new possible mechanisms that were not expected although still far from conclusive. The microvilli-nanowire interaction was proposed to account for increased effi ciency of immunocapture of tumor cells, but several studies using scanning electron or ion beam imaging of the cell-substrate contact interface showed very few microvilli that successfully penetrated into interstitial or inter-nanowire space. Live cell imaging of cell adhesion showed that when cells were captured on a nanowire substrate the cells quickly develop diverse subcellular surface features including fi lopodia and lamelliapodia. The dimensions of these nanofi laments strongly depend on the feature size of the nanostructured substrate. Quantitative analysis showed that the capture efficiency is correlated with the number of fi lopodial fi bers, suggesting a possible role for mechanosensing and cell spreading to determine the cell capture effi ciency. [ 79, 93 ] Such interaction between neurons and isolated nanopillars led to successful cell pinning for improved electrical recording. [ 48, 94 ] Bonde et al. investigated how the cells adhere strongly to nanowires by labeling actin cytoskeleton and measuring focal adhesion. While cytoskeleton remains diffused across the cytoplasm in controls, actin-rich cell edges mainly co-localize around nanowires, suggesting the stabilization of cytoskeleton around nanowires might contribute to the physical entrapment of cells on the substrate, leading to upregulated focal adhesion formation and subsequent capture of cells on the nanowire arrays. [ 95 ] 8. Beyond Nanowires: New Structures, Materials, Chemistry, Applications and Future Outlook
The demonstration of nanowire arrays for rare cell capture and analysis has inspired a range of research endeavors to further improve the capture performance or to introduce new functionality by employing other nanopatterned materials that confer unique advantages over current inorganic nanowires. Different patterns of nanostructure such as nanoholes, nanopores, and nanofi bers and polymeric nanomaterials have been studied. Many also exhibited enhanced effi ciency for immunocapture of rare cells. [ 76, 79, [96] [97] [98] A new CTC-separation platform was developed with a transparent polymer nanofi ber substrate that gave rise to the same capture effi ciency but allows for the recovery of captured tumor cells using laser microdissection. [ 98 ] Hou et al. reported the use of thermoresponsive polymers coated on nanowires for effi cient separation followed by highly specifi c release of CTCs. The polymer brush, which allows cell adhesion at 37 °C, induces detachment of adhered cells via a surface hydrophobic-to-hydrophilic switch that occurred when it was cooled down to the critical temperature of 4 °C. [ 96 ] While EpCAM-antibody has been most commonly used for nanowire-based CTC capture, the surface antigens of CTCs are very heterogeneous and EpCAM may not be universally expressed in CTCs of all epithelial cancer types, in particular, due to the epithelial-to-mesenchymal transition that occurs in cancer metastatic progression. Therefore, it is still a challenge to accurately detect and capture the metastasis-initiating CTCs that may express different or more diverse repertoire of phenotypic surface markers. Chen et al. reported a simple and effective CTC purifi cation strategy that does not require capture antibodies. [ 99 ] Because of the differential adhesion preference of cancer cells to nanotopological surfaces compared to normal cells, a nanorough glass substrate was fabricated for effi cient cancer cell capture without the use of capture antibodies. While the aforementioned platforms are mostly based on inorganic, rigid nanowire substrates, the integration with soft materials with tissue-like properties would create a microenvironment more resembling the native environment of tumors. Liu et al. developed a soft polymer-nanotube substrate that demonstrated ≈80% capture effi ciency with improved cell viability. [ 100, 101 ] These platforms would not only serve as the substrate for immunocapture and separation of rare cells, but also provide new insights into the biology of the cell-material interface.
Although nanowire gene delivery has been reported by numerous groups for in vitro gene delivery, extending this platform to in vivo delivery has been diffi cult. Recently, it was shown that a tunable array of biodegradable silicon nanoneedles can access the cytosol to co-deliver DNA and siRNA with an effi ciency greater than 90%, and that in vivo the nanoneedles transfect the VEGF-165, inducing sustained neovascularization in a target region of the muscle ( Figure 4 ). [ 102 ] small 2015, 11, No. 42, 5600-5610 Figure 4 . First demonstration of nanoneedle arrays to deliver proangiogenic factors and promote in vivo neovascularization. Intravital bright-fi eld (top panels) and confocal (bottom panels) microscopy images of the vasculature of untreated (left) and hVEGF-165-treated muscles with either direct injection (center) or nanoneedle arraymediated delivery (called nanoinjection, right). The fl uorescence signal originates from systemically injected fl uorescein isothiocyanate (FITC)-dextran. Scale bars, bright-fi eld 100 µm, confocal 50 µm. Reproduced with permission. [ 102 ] Copyright 2015, Macmillan Publishers Limited.
This work opens a whole new fi eld of applications of nanowire arrays and successfully pushed to vivo applications.
In brief, despite the wide-spread appreciation of the important role for nanoscale cures (mechanical, structural, biophysical and biochemical) to guide cell fate and the demonstration of nanostructured surfaces for engineering cell behavior, differentiation and proliferation in the long term, the application of an important class of nanostructures -vertical nanowire arrays -for rapid analysis and interrogation of cellular functions emerged very recently. This includes both 1) cell-penetrating nanowires for biomolecular delivery, stimulation and probing of intracellular signaling dynamics and 2) non-penetrating nanowire arrays as a tool for highly effi cient capture of rare cell populations and the study of biomechanical properties of cell-nanotopologic surface interaction. Combined with new functional materials for nanowires, responsible materials for surface chemistry, and microfl uidic integration for more accurate control spatially and temporally, this platform is gaining a wide range of applications and adapting to address several major challenges in biology and medicine.
